The observed absorption of solar p-mode flux by sunspots could provide a valuable diagnostic tool for probing the subsurface structure and evolution of the magnetic field of solar active regions once the physics of the process is understood. In this paper we consider a simplified inhomogeneous sunspot model with an axial current (twisted magnetic field). The absorption of incoming acoustic modes in a narrow resonance layer inside the sunspot flux tube is investigated, and the energy loss is estimated. For nonaxisymmetric modes the results are consistent with previous calculations. However, contrary to previous work, it is demonstrated that the existence of an azimuthal component of the magnetic field can lead to significant absorption of even the axisymmetric modes. If the absorption rate calculated in this paper is used in conjunction with the observed wavelength dependence of the absorption coefficient, it is found that the sunspot flux tube must have significant twist in the subsurface layers (B 0e /B 0z ~ 0.56). Furthermore, the presence of twist in the magnetic field leads to a natural explanation for the observed dependence on m, the azimuthal wave mode number, and the magnitude of the absorption coefficient can be accounted for in a self-consistent way. Subject headings: hydromagnetics -Sun: magnetic fields -Sun: oscillations -Sun: sunspots 1. INTRODUCTION A substantial amount of solar acoustic (p-mode) absorption in sunspot regions has been reported by Braun, Duvall, & La Bonte (1987 , 1988 , and Braun, La Bonte, & Duvalle (1990). The observations show a variation of the absorption of incoming acoustic waves both with wavelength and azimuthal mode number. The absorption is almost negligible for small transverse wavenumbers, but appears to be over 50% for large values of the transverse wavenumber. Physically, this variation with k ± is likely to be due to some characteristic length of the system, e.g., the radius or depth of the absorber or some characteristic gradient scale. It is reasonable to expect, therefore, that the amplitudes of the scattered waves contain valuable information about the sunspot structure in the subphotospheric layers. This clearly could become a powerful diagnostic tool for probing the structure of sunspots (Davila 1990) once the mechanism responsible for the absorption is identified. Hollweg (1988) was the first to propose a simplified, planar resonance absorption model to explain the absorption of p-modes by sunspots. He found that resonance absorption could be important under certain circumstances depending on the angle of incidence of the wave and the ratio of specific heats inside and outside of the spot. But he concluded that the resonance absorption process, on the whole, probably could not explain the large amount of absorption seen observationally. Lou (1989) investigated the resonant absorption of magnetohydrodynamic (MHD) waves in a viscous medium. The linearized MHD wave equations, including both shear and compressive viscosity terms, were solved numerically using a standard algorithm. He concluded that for nonaxisymmetric perturbations, absorption at the Alfvénic singular layer could be quite effective in absorbing wave energy. Typical values for the absorption coefficient obtained in these models is on the order of 40%-45%, in reasonable agreement with the observed value.
INTRODUCTION
A substantial amount of solar acoustic (p-mode) absorption in sunspot regions has been reported by Braun, Duvall, & La Bonte (1987 , 1988 , and Braun, La Bonte, & Duvalle (1990) . The observations show a variation of the absorption of incoming acoustic waves both with wavelength and azimuthal mode number. The absorption is almost negligible for small transverse wavenumbers, but appears to be over 50% for large values of the transverse wavenumber. Physically, this variation with k ± is likely to be due to some characteristic length of the system, e.g., the radius or depth of the absorber or some characteristic gradient scale. It is reasonable to expect, therefore, that the amplitudes of the scattered waves contain valuable information about the sunspot structure in the subphotospheric layers. This clearly could become a powerful diagnostic tool for probing the structure of sunspots (Davila 1990 ) once the mechanism responsible for the absorption is identified. Hollweg (1988) was the first to propose a simplified, planar resonance absorption model to explain the absorption of p-modes by sunspots. He found that resonance absorption could be important under certain circumstances depending on the angle of incidence of the wave and the ratio of specific heats inside and outside of the spot. But he concluded that the resonance absorption process, on the whole, probably could not explain the large amount of absorption seen observationally. Lou (1989) investigated the resonant absorption of magnetohydrodynamic (MHD) waves in a viscous medium. The linearized MHD wave equations, including both shear and compressive viscosity terms, were solved numerically using a standard algorithm. He concluded that for nonaxisymmetric perturbations, absorption at the Alfvénic singular layer could be quite effective in absorbing wave energy. Typical values for the absorption coefficient obtained in these models is on the order of 40%-45%, in reasonable agreement with the observed value.
For axisymmetric modes, Lou emphasized the fact that there is no singularity in the ideal MHD equations. Consequently, there is no resonance layer set up in the spot, and the dissipation is therefore drastically reduced within the sunspot. The analogous result for resonant dissipation in a low-/? plasma was noted by Davila (1987) . Whenever the transverse wavenumber (k ± ) vanishes, the two transverse components of the momentum equation decouple, and the solution changes character dramatically. The observations, on the other hand, show that there is substantial absorption of axisymmetric wave flux.
In this paper we consider an analytic model for resonance absorption in a sunspot flux tube. The model is basically an extension of the calculation of Davila (1987) to incorporate cylindrical geometry and a finite sound speed. The absorption rate was calculated from the ideal portion of the solution by integrating the total MHD energy flux over the closed surface surrounding the resonance layer. It is found that 50% of the incoming wave energy could be absorbed with rather modest wave amplitudes within the spot. The analytic expression derived in this paper for the energy absorbed in a sunspot with an untwisted magnetic field is seen to be proportional to m -2 in rough agreement with the numerical simulation of Lou for an untwisted flux tube. We demonstrate that in a twisted flux tube any weak dissipative process like radiative, viscous, or resistive dissipation leads to the resonant absorption of both axisymmetric and nonaxisymmetric acoustic waves. The resultant heating rate is consistent with the CHITRE & DAVILA Vol. 371 observed absorption of the p-mode power incident on an isolated, inhomogeneously structured sunspot. When the results of this calculation are interpreted in the light of observational data on the wavelength dependence of the absorption rate, it is found that the sunspot magnetic field must have significant twist in the portion of the flux tube below the photosphere. Furthermore, the presence of twist in the magnetic field leads to a natural explanation for the observed dependence on m, the azimuthal wave mode number, and the magnitude of the absorption coefficient can be accounted for in a self-consistent way.
2. BACKGROUND Outside of the absorbing region, which we will loosely call the sunspot tube or flux tube, the magnetic field is weak, and the energy is carried almost entirely by the acoustic flux (p-modes). These waves impinge on the sunspot flux tube and are converted into MHD modes which propagate and distribute energy throughout the interior of the sunspot. The incoming wave flux, P in , is observed to be greater than the outgoing power, P out . The difference between the square of two quantities is directly proportional to the absorbed power. What is the physical nature of the mechanism responsible for this absorption? The answer is not known at this time; however, there are at least two possibilities, both illustrated in Figure 1 .
The absorbed energy may be converted into heat within the sunspot by dissipative (irreversible) processes in a thin resonance layer. This process, known as resonance absorption, has been well studied in the context of heating coronal loops (lonson 1982; Holl weg 1984; Davila 1987) . Essentially, MHD waves within the sunspot tube excite resistive modes at the local Alfvén resonance. At this point strong dissipation of the internal MHD waves in the sunspot flux tube is possible, resulting in the net loss of energy to the external acoustic wave field.
A second possibility (not treated in the present work) does not involve dissipation within the spot. It is conceivable, for example, that the incoming sound wave shakes the magnetic field of the sunspot flux tube, and energy which is originally in sound waves is transferred (mode conversion) into magnetic wave modes propagating more or less parallel to the magnetic field of the sunspot flux tube. If these waves can then leak from the system, say upward through the chromosphere or downward through the base of the sunspot (the flux is denoted as S mag in Fig. 1 ), one could explain the observed absorption by a completely nondissipative process involving mode conversion in the field of the sunspot. It is not known how effective this process can be; however, calculations are underway to answer this question (Davila & Jensen 1991) .
Finally, it should be noted that these processes are not mutually exclusive. It is indeed possible that both of these basic mechanisms, i.e., dissipation and mode conversion, are responsible for the absorption seen in a real spot. At this point there is no observational way to distinguish between these possibilities. For the remainder of this paper we concentrate on the resonance absorption process.
3. GOVERNING EQUATIONS The sunspot is assumed to be a localized cylindrical (r, 0, z) flux tube bounded by r = R spot , which is in transverse pressure equilibrium with a field-free homogeneous medium. The spot magnetic field is taken to be of the form B 0 = (0, B O0 (r), B 0z (r)). The equilibrium physical quantities-pressure, p 0 , density, p 09 and temperature, T 0 -are assumed to be functions of r, but gravity and vertical stratification are neglected. No specific assumption is made about the magnitude of ß = Snp/B 2 . For the sake of illustration, the fluid in the flux tube is taken to be fully compressible and inviscid, with infinite electrical conductivity but with finite thermal (radiative) conductivity.
The basic equations are the usual conservation equations : dp " -y-+ pV • V = 0 , at %-c ?%, (r -1)K^T ,
(2) (3) Fig. 1 .-Physical processes which can result in the absorption of p-modes. The power absorbed, P in -P out , can be dissipated in a thin resonance layer, or converted into magnetic modes which then propagate out through one of the ends of the sunspot flux tube, S mag .
Here = yp/p; the ratio of specific heats, y, and the radiative conductivity, K rad , are assumed to be constant (cf. Bogdan & Knolker 1989) . These equations can be linearized to give
± dt dp dt
(8)
where the zero-subscripted quantities represent the equilibrium values. Assuming an /(r) exp i(k z z + m6 -oet) dependence for the perturbed variables, the foregoing set of equations can be combined to get a fourth-order differential equation for the perturbed variables v r9 v 0 , v z , T 1? etc. The occurrence of the ideal Alfvén magnetohydrodynamic singularity is quite well known (Grossmann & Smith 1988; Rae & Roberts 1981 ; Priest 1982) . In the vicinity of Alfvén layer (r = r A ), the governing equation for the velocity perturbation (i; r ) reduces in the ideal MHD limit to 
and e(r) is a well-behaved function of the radial coordinate, r (cf. Priest 1982) . Near the resonance layer (r = rj where co 2 -(mv A9 /r + k z v A ) 2 = 0, retaining only the linear terms, the solution can be approximated as for r > r A , and v r = V\n(r -r A ) v r = F In (r -r A ) ± in (15) (16) for r < r A . Here V is radial velocity amplitude, and the sign is chosen such that the resonance layer is dissipative (Davila 1987) . This solution, valid near the resonance layer, will be used to evaluate the dissipation rate for incoming wave energy in the following section.
ENERGETICS
We now calculate the resonance absorption heating rate in the narrow layer with a transverse scale much smaller than the spot radius. The incoming acoustic waves impinge on the surface of the flux tube and then excite MHD waves inside. These modes propagate throughout the interior of the sunspot flux tube. Subsequently they are resonantly absorbed by the sunspot in a narrow resonance layer at a position in the interior where the local resonance condition, co = k z v A , is satisfied. This absorbed energy is converted into heat. The heating rate may be calculated by integrating the incident Poynting and acoustic flux over the surface of the resonance layer. This procedure has been discussed extensively for waves in a low-/? plasma by Chen & Hasegawa (1974) and Davila (1987) . The basic idea is that by integrating the energy equation over the volume of the dissipative region, it can be shown that in the steady state the energy dissipated must equal the energy transported into the region from the outside.
Given the existence of the resonance layer in the spot tube (resulting from some dissipation process in the plasma), it suffices to compute the heating rate by invoking the ideal MHD solution that is valid on the surface and outside the resonance layer (Davila 1987) . Noting that the incoming energy flux has a contribution from both the Poynting flux and the acoustic flux, the resultant heating rate (per unit area) comes out to be
One should note that the presence of a twist in the background magnetic field allows a finite heating rate even for axisymmetric (m = 0) perturbations. It is interesting to compare this result with the heating rate for a low-/? plasma derived by Davila (1987) . We see from equation (17) that even though the sound speed was explicitly kept in the differential equation (11), the sound speed does not appear explicitly in the heating rate. Apparently this is because equation (17) is applicable only near the Alfvén resonance where the discontinuous portion of the energy flux which carries energy into the dissipation region is entirely magnetic. In fact, if one considers the limit v A e 0> the heating rate calculated here for the finite-/? case is precisely the same as the heating rate for the low-/? case.
APPLICATION TO p-MODE ABSORPTION
The heating rate, H, derived above is the amount of energy absorbed at the resonance layer. If we assume that resonance absorption is the only dissipation mechanism operating, we can equate the energy absorbed at the resonant layer with the observed energy loss outside. The result is H = y o \V\ 2 c s oc,
where | F | 2 is the square amplitude of the incoming p-mode as measured outside of the spot, and p 0 and c s are the density and sound speed outside. Using this relation, we can write the absorption coefficient, a, as
Equation (19) for the absorption rate, a, is the basic result of this paper. In the paragraphs that follow, we consider this expression in the limits appropriate to the scattering of p-modes by sunspots. 
Absorption in an Untwisted
It is easily seen from this equation that in the absence of twist the absorption coefficient scales as 1/m 2 . This dependence obtained analytically here is also obtained in the detailed numerical calculation of the absorption coefficient in an untwisted magnetic field by Lou (1989) .
At first blush this correspondence is rather surprising. We know that the absorption of p-modes is essentially a two-step process. Waves impinging on the spot interact at the boundary of the magnetic region. At this boundary a portion of the incoming wave is transmitted into the spot, and a portion is reflected. Only the transmitted wave energy is available for absorption. However, even after wave energy is transmitted into the sunspot flux tube there is no absorption unless a second process causes energy to be lost to the system. Given this two-step picture, one could argue that, in principle, the m dependence of the wave transmission coefficient at the boundary of the spot tube could influence the overall m dependence of the absorption coefficient and that, since we have ignored the reflection/transmission processes at the boundary of the spot in this calculation and considered only dissipative processes near the resonance layer, perhaps the m dependence obtained here is misleading. The numerical model of Lou seems to show that, at least for reasonably small values of m, this is not the case. A complete model including transmission effects cannot be carried out analytically at this time; however, based on the limited calculations available it seems reasonable to assume that transmission effects do not significantly affect the m dependence of the absorption coefficient. This can only be verified by additional numerical work.
In addition to the azimuthal dependence, Lou examined the influence of viscous dissipation on the Alfvén resonance. From the analytic work presented here, we expect that the absorption coefficient should be independent of the precise dissipation mechanism. In fact, the dissipation rate was calculated entirely from the ideal equation by recognizing that the ideal limit is an approximation to the case where the dissipation in the plasma tends toward zero. Based on this model, one can conclude that the absorption coefficient computed by Lou for nonaxisymmetric modes is not likely to be a sensitive function of the values of the turbulent viscosity coefficient.
Finally, when the magnetic field of the sunspot flux tube is not twisted, i.e., v Ae = 0, it can be readily seen from equation (11) that o) 2 -k 2 v 2 Az = 0 is no longer a singularity when m = 0. This means that axisymmetric perturbations are not absorbed at the Alfvén resonance in a flux tube without an azimuthal component of the magnetic field, i.e., without twist. This feature was emphasized by Lou (1989) where he suggested that, contrary to the observations, the resonance mechanism could not account for the observed absorption of axisymmetric modes.
Absorption in a Twisted Vertical Magnetic Flux Tube
It is clear that axisymmetric modes may be resonantly absorbed by several mechanisms if more realistic sunspot models are considered. For example, a single isolated spot is not expected to be a perfectly circular monolithic absorber or scatterer. Cylindrical SUNSPOT RESONANT ABSORPTION OF p-MODES 789 No. 2, 1991 waves converging onto a nonaxisymmetric spot will inevitably couple the m = 0 mode to m # 0 modes. One would also expect coupling of the axisymmetric and nonaxisymmetric modes if the spot were made up of a number of individual flux tubes. Either of these processes would inevitably lead to resonant dissipation of the axisymmetric mode. The strength of the coupling, and hence of the dissipation, is likely to be small for nearly circular, nearly monolithic spots, however, and it seems unreasonable to expect that the observed 50% absorption could be obtained in such models. However, detailed calculations must be done to confirm this expectation.
Furthermore, it also seems unreasonable to expect that all sunspots are vertical structures; at least some are liable to be displaced from a precise vertical position by convective motions in the surrounding fluid and/or by magnetic buoyancy. Again, this slightly more complex geometry could lead to a coupling between the m = 0 and m # 0 modes of the sunspot, resulting in absorption of the axisymmetric mode. The effect of nonvertical orientation of the sunspot flux tube has not been addressed theoretically at this point.
In this section we concentrate on the effect of a nonzero azimuthal component of the magnetic field, i.e., twist. We show that the presence of twist leads to the existence of a resonance layer in the spot tube even in the axisymmetric (m = 0) case. If the absorption rate calculated in this paper is used in conjunction with the observed wavelength dependence of the absorption coefficient, it is found that either the sunspot flux tube must have significant twist in the subsurface layers and/or the cross-sectional area of the tube must decrease by roughly a factor of order 10 over the depth probed by the current observations. 5.2.1. k ± Dependence of the Absorption Rate The absorption coefficient derived above does not contain k ± dependence explicitly. Nevertheless, since k z and co are both functions of k ± , the absorption rate has an implicit dependence on k ± through these parameters. To make this more evident let us consider how oe and k z depend on k ± .
The dependence of the frequency on the transverse wavenumber, k L , can be obtained from the relation co 2 = (n + 0.5)gk ± , where n ~ 1 is the radial order number and g is the acceleration of gravity (Leibacher & Stein 1981) . The vertical wave number, k z , is related to the transverse wavenumber by the expression k z = nn/L, where L is the distance to the turning point. Using the expression L = (n 4-0.5)/(y -l)kf 1 (Leibacher & Stein 1981) , one can show that
From this expression we can deduce that k z ~ k ± for any value of n. Let us further assume that a typical gradient scale is on the order of the radius of the absorbing region and thereby replace d/dr with 1/R S . With these considerations, the absorption coefficient can be written as 
If we assume that the other parameters are nearly constant, we can use these two expressions to estimate the amount of twist necessary in the sunspot flux tube to account for the observations. To do this, take the ratio of these two expressions and rearrange to obtain he ^ KlY' 25 B 0 z \<*J
From the observations of Braun, Duvall, & La Bonte, we can estimate a 0 « 0.05 and a,,. « 0.5. Using these values, we find that the observed dependence of the absorption coefficient on k ± can be explained by a twist having B 0e /B 0z ^ 0.56. This value is consistent with the value of B O0 /B Oz ~ 0.1 measured at the solar surface by Lites & Skumanich (1990) for a single isolated spot.
m Dependence of the Absorption Rate
It is clear from the form of the absorption coefficient calculated above (eq. [19] ) that for nonzero v Ae , even when m = 0, the absorption coefficient remains finite. This is an important new feature introduced by the twisted field. But how does the calculated absorption coefficient vary for m # 0? Observationally, it has been found that the absorption coefficient is nearly independent of m for m < 15. Above m= 15 the observed variation is consistent with a simple geometric impact parameter interpretation (Braun et al. CHITRE & DAVILA Vol. 371 1988) in which the sunspot is regarded as a nearly uniform absorber. These conclusions were arrived at from the observations by considering wave modes with large k ± only. The absorption coefficient, calculated from resonance absorption theory, in the limit of large k L can be written as a 00 B 2 o ÍB 0z \ 2 4np 0 coc s R s \B 0 J (27) where R s is the radius of the absorbing region, V is the amplitude of the incoming p-mode wave, V Tes is the amplitude of the wave at the resonance layer, p 0 is the ambient density outside the spot, p 0 ,res ^ the density at the resonance layer, v A is the Alfvén speed inside the sunspot, and c s is the sound speed outside. It is clear from this expression that in the limit m/k L r <0 the absorption coefficient predicted from the dissipation of waves by resonance absorption is independent of m. How then does one reconcile this calculation with the observed falloff of the absorption coefficient for large m? In this calculation we have explicitly considered only dissipative processes within the sunspot flux tube. However, as noted above, the absorption of p-modes is inherently a two-step process. In addition to the dissipative processes which occur within the spot, there can be additional physical processes which relate to the reflection and transmission of wave motions at the interface of the absorption region. In the context of the resonance absorption theory, therefore, the falloff in the absorption coefficient must be interpreted as a geometrical wave propagation effect similar to the one proposed by Braun et al. (1987 Braun et al. ( , 1988 Braun et al. ( , 1990 in which the constant absorption coefficient predicted from the dissipative theory alone is modulated by some geometrical effect which affects the strength of the interaction of the spot with the wave mode. Similar considerations can be used to show that the absorption coefficient is independent of m in the opposite limit m/k L r$>l also. In fact, a prediction of the present theory is that the m dependence in the absorption coefficient will be strongest, ~m -2 , in the region where m/k 1 r ~ 1.
5.2.3. Magnitude of the Absorption Rate Having determined that the functional dependence of the absorption coefficient is plausibly consistent with current observations, it is desirable to determine whether the surprisingly large magnitude of the absorption can be accounted for within the resonance theory. Since many of the necessary parameters cannot be directly observed at this time, it seems that the most appropriate thing to do is simply to ask what amplitude the waves within the sunspot must have in order to explain the observed absorption rate. This amplitude can be estimated rather simply and is, at least in principle, a quantity which could be observed.
To determine whether the absorption coefficient calculated here is consistent with the magnitude of the absorption observed for p-modes, we equate a to a max ~ 0.5, the maximum observed absorption rate for acoustic flux, then solve for the velocity amplitude at the resonance layer. In the limit of large k ± the expression for the absorption coefficient is given above in equation (27) . After rearranging, we find the following expression for J^e s I V" S \ 2 =-^_ fhîY 2vg ™f*** \V\ 2 .
(28) Po,res \BozJ In the analysis above we found that in order to obtain the proper ratio of absorption coefficient we had to choose Boo/Boz = 0-56. Let us adopt that value here also; then, choosing typical values for the other parameters: c s = 10 6 cm s -1 , v A = 3 x 10 6 cm s _1 , Po/Po,™* = 2, a max = 0.5, v = 3.3 mHz, R s = 2 x 10 9 cm, and V = 400 m s -1 , we find that the expected wave amplitude at the resonance layer is L res ~ 200 ms -1 . This does not seem to be an unreasonable value.
6. A QUALITATIVE DISCUSSION OF STRATIFICATION EFFECTS The subsurface structure of a sunspot is almost completely unknown. The magnetic field strength may increase or decrease with depth. The subsurface temperature and density structure of a sunspot is uncertain also. It is known, however, that the turning point for the p-modes which are observed to be scattered by sunspots is many scale heights below the solar photosphere. The depth of the turning point depends strongly on k ± (see expression above); i.e., as k ± gets smaller the scattered wave samples successively deeper portions of the sunspot structure. How is vertical stratification likely to affect the calculation presented above? There are several possibilities.
In principle, the transmission coefficient at the interface between the absorbing region and the external plasma could introduce additional dependence on the magnetic field strength into the observed absorption rate. If, however, one considers the simplest case of a plane wave incident on a single interface (see appendix), it seems more likely that as long as /? > 1 there is little or no dependence of the transmission coefficient on B 0 . Braun et al. (1989) have suggested from the observations that the absorption coefficient increases approximately linearly with the strength of the magnetic field. The theoretical expression for the absorption coefficient derived in this paper also shows a direct dependence of the absorption coefficient on the strength of the magnetic field, although the field strength dependence is somewhat stronger. Given that the absorption coefficient depends on B 0 , if the magnetic field strength of the sunspot were to vary with depth, that variation could introduce a strong depth dependence into the absorption coefficient, which would be seen at the surface as a dependence of the absorption coefficient on k ± , similar to that observed. This is because waves with small k L preferentially sample the deeper portions of the sunspot flux tube simply because the turning point is deeper for these modes. As waves with -► oo are considered, the interaction region becomes more nearly confined to the visible surface, and density stratification becomes less important. One can use this effect to separate depth-dependent effects from the intrinsic dependence of the absorption coefficient on parameters such as the magnetic field strength. Modes with k L -+ co have very shallow turning points. These modes interact only with that portion of the sunspot flux tube very near to the surface. A careful study of the absorption of these modes as a function of SUNSPOT RESONANT ABSORPTION OF p-MODES 791 No. 2, 1991 surface magnetic field strength could provide some indication of the magnetic field dependence of the absorption which is independent of depth effects. As discussed above, Braun et al. (1989) have begun to implement this type of analysis, but more examples are needed.
Finally, in a gravitationally stratified fluid, like the solar convection zone, p-modes do not have a fixed value for k ± and k z at all depths as assumed in the unstratified model. Near the surface the modes are traveling very nearly vertical with k z $> k l9 while near the turning point k L P k z . It is a well-known physical phenomenon that waves which are incident on an interface at grazing incidence are most strongly reflected, while normal incidence waves are most strongly transmitted. Because of this, one might expect any given mode to be most strongly absorbed by the sunspot near its turning point simply because the wave is propagating mostly in the horizontal direction, which is nearly normal to the sunspot flux tube. Again, if the magnetic field of the spot varies with depth, this localized interaction model could introduce a k ± dependence into the absorption coefficient similar to that observed.
CONCLUSIONS
In the case of nonaxisymmetric modes impinging on the sunspot we find that the absorption rate in an untwisted sunspot magnetic flux tube is proportional to m -2 , where m is the azimuthal order. This dependence on m is basically in agreement with the numerical computations of Lou (1989) , but contrary to the observed dependence on azimuthal mode number.
When we incorporate axial current (twist) in the zero-order magnetic field configuration, both the axisymmetric and nonaxisymmetric perturbations are absorbed by the sunspot. The observed k L dependence in the absorption coefficient leads to an estimate of the twist of the sunspot magnetic field which is consistent with surface observations. Using this derived value for the twist in the magnetic field and the required energy absorption rate yields an estimate for the rms wave amplitude at the resonance layer of the order of 200 ms -1 . These motions should be observable within the spot tube at the surface. The dependence of the absorption coefficient on azimuthal mode number, m, can also be explained. One immediate consequence of the model is the prediction that the absorption coefficient should be most sensitive to m in the range where ~ 1.
From this calculation we conclude that the incorporation of an axial current (azimuthal component of B) removes the major objection to the resonance absorption process; namely, the theory can now account for the observed absorption of axisymmetric modes. Resonant absorption of incident sound waves appears to be an effective mechanism for explaining the p-mode power absorption observed in sunspots. The energetics of the resonance process do not depend on the specific dissipation mechanism. This is evident because it is possible to estimate the heating rate from the ideal solution alone. It is to be stressed that our results are applicable to a fully compressible, viscous, or thermally conducting fluid, and for an arbitrary value of the parameter ß. The resonant absorption mechanism is consistent with the idea that sunspots are a relatively shallow phenomenon in the solar photosphere (m/r ~ k z ), and if we take the results at face value, we infer that the sunspot field below the solar surface has a finite twist with B 0e /B 0z ~ 0.4. Using this value for the twist, one can self-consistently explain the variation of the absorption coefficient with azimuthal wave number, m.
Gravitational stratification of the fluid is likely to be an important physical effect which must be included in more realistic models of the scattering/absorption process.
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APPENDIX THE TRANSMISSION COEFFICIENT AT AN INTERFACE
To get some idea of the dependence of the transmission coefficient on the magnetic field strength and sound speed, consider a highly simplified structure consisting of two regions separated by an interface at x = 0 in a local coordinate system. In the region where x > 0 the field is assumed to be uniform and in the ¿-direction. On the left, in the region where x < 0, the fluid is assumed to be field-free. We further consider only fast modes propagating in the x-direction. Under these assumptions the differential equation (11) reduces to d^v {c° + v2a) i^ + Coj2> -= 0 • (29) Solutions to this equation in the field-free region can be written as the sum of an incident and reflected mode, v xi = e ikxlx + re~i kxiX ,
where k xi = oe/c si . The incident amplitude has been set to unity, and r is the amplitude of the reflected wave. In the region on the right where B ^ 0 there is only the transmitted mode, v x 2 = te ikx2X ,
where k x2 = o)/{c s2 + v A2 ) 0 5 . Boundary conditions at the interface can be obtained by noting that the normal component of the velocity, v x , must be continuous. The second condition is obtained by integrating equation (29) across the discontinuity from x = -etox = +6 and then taking the limit as e -► 0.
The result is that dvjdx must be continuous across the interface. Using these two conditions one can solve for the amplitude of
